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Abstract -- The problem of spin injection across the 
interface between a non-ideal ferromagnet and a 
semiconductor (paramagnetic) quantum wire is examined 
in the presence of Rashba spin orbit interaction in the wire 
and an axial magnetic field along the direction of current 
flow. This magnetic field is caused by the ferromagnet 
magnetized along the wire axis. At low temperatures and 
for certain injection energies, the interface can act as an 
ideal spin filter allowing injection only from the majority 
spin band of the ferromagnet. Thus, 100% spin filtering 
can take place even though the ferromagnet itself is less 
than 100% spin polarized. Below a critical value of the 
axial magnetic field, there are two injection energies for 
which ideal (100%) spin filtering is possible; above this 
critical field there is only one such injection energy. 
Index Terms — Spintronics, semiconductor devices, 
simulation, Rashba interaction, spin filters, spin injection.  
I. INTRODUCTION 
One of the most important challenges in spintronics 
is the ability to selectively extract spin of a particular 
polarization from a ferromagnet and inject it in a 
semiconducting paramagnet. This problem has received 
increasing attention over the last five years since it is critical 
to the implementation of many spintronic devices. Several 
recent experimental investigations have shown successful spin 
injection into semiconductors from ferromagnets, with 
injection efficiencies as high as 90% for semiconducting 
ferromagnets and 32% for metallic ferromagnets coupled with 
a Schottky or tunnel barrier [1]. Several theoretical models 
have also been developed to elucidate spin injection across 
specular and disordered ferromagnet-semiconductor (Fe/Sm) 
interfaces,some of which have been based on a simple Stoner 
model of the ferromagnetic contact [2,3] while others have 
included the full electronic band structure of the contact [4,5]. 
In this paper, we study the following problem. Is it 
possible to perform ideal spin filtering across the interface 
between a non-ideal ferromagnet and a paramagnet? That is, 
can we selectively inject electrons only from the majority spin 
band of the non-ideal ferromagnet which is not a half metal 
and does not itself possess 100% spin polarization? This 
problem is of relevance to many proposed spintronic devices 
such as polarized light emitting diodes and spin analogs of 
electro-optic modulators [6], which operate best when the 
non-ideal ferromagnet acts as an ideal spin polarizing injector 
that injects electrons from the majority band only while 
blocking those from the minority spin band. Here we show 
that such ideal spin filtering is possible for certain injection 
energies at very low temperature. 
 
II. THEORY 
 
The system we investigate is shown in Fig. 1. It 
consists of a semiconductor quantum wire interfaced with a 
ferromagnetic contact. There is a Rashba interaction [7] in the 
wire caused by a structural inversion asymmetry arising from 
a transverse electrostatic field (in the y-direction). This field 
could be due to either the natural asymmetry of the confining 
potential (triangular well) or could be externally imposed with 
a gate terminal. 
 
 
 
Fig. 1: Ferromagnetic/Semiconducting Quantum Wire 
Contact. (a) Top view of the structure showing the 
ferromagnetic contact with its magnetization in the direction 
of current flow in the quantum wire. (b) Cross-sectional view 
of the structure showing as thick dashed line the quasi one-
dimensional electron gas in the wire. 
 
In ref. [8,9], we derived the energy dispersion 
relations (E-k) for the lowest energy bands in the 
semiconductor quantum wire.  The bands have the general 
shape shown in Figure 2. The lowest subband has two minima 
at wavevectors  
 
kmin = ± kR √[1 – (gµB B/16δR) ]  
        
where g = Landé g-factor, µB = Bohr magnetron, B is the flux 
density associated with the axial magnetic field, δR = ħ2kR2 
/2m*, kR = m*αR/ħ2, and αR is the strength of the Rashba spin 
orbit interaction [10]. The presence of two minima gives rise 
to a “camel-back” shape of the lower subband as long as the 
magnetic field strength is below a critical value Bc. Above the 
critical strength, the camel-back feature disappears, as shown 
in Fig. 2 (bottom). It is easy to see that Bc = 16δR/(gµBB) since 
when B > Bc, kmin becomes imaginary. 
There are three critical energies shown in Fig. 2. 
The energy at the bottom of the higher subband is E3, the 
energy at the camel-back is E2 and the energy of the double 
minima in the lower subband is E1. Using the dispersion 
relations derived in ref. [8], we can show that these three 
energies are: E1 = ħω/2 + ∆Ec  –  [δR + (gµBB)2/16δR ] , E2 = 
ħω/2 + ∆Ec –  gµBB/2 and  E3 = ħω/2 + ∆Ec +  gµBB/2,  where 
ħω is the energy separation between the subbands in the 
quantum wire in the absence of any magnetic field and spin-
orbit interaction, and ∆Ec is the energy separation between the 
bulk conduction band edge in the semiconductor and the 
bottom of the majority spin band in the ferromagnet as shown 
in Fig. 2. 
Consider the situation when B < Bc (Fig. 2; top). If 
the Fermi level Ef is above E3, there will be two (spin-
resolved) current-carrying channels in the quantum wire since 
Ef intersects the two E-k curves at two positive values of the 
wavevector. In the range [E2 ,E3] , there is only one current-
carrying channel since the upper band  becomes evanescent  
with an imaginary wavevector that becomes exactly zero 
when Ef = E2 or E3. 
In the energy range [E1,E2],  we recover two 
current-carrying channels since the Fermi level intersects the 
energy bands at two points that correspond to positive current. 
Below E1, there are no current-carrying states, and the 
conductance drops sharply.  When B > Bc (Fig. 2; bottom), 
there are two current-carrying channels when Ef > E3 and only 
one otherwise. 
We now set forth to calculate the interface 
conductances for electrons incident from the majority and the 
minority spin bands in the ferromagnet. This requires solving 
the tunneling problem across the Fe/Sm interface. We model 
the ferromagnetic contact by the Stoner-Wohlfarth model. The 
magnetization of the contact is assumed to be along the wire 
axis (x-direction) so that the majority carriers are +x-polarized 
electrons and minority carriers are -x-polarized. Their bands 
are offset by an exchange splitting energy ∆, shown in Fig. 2. 
In the semiconductor quantum wire, when B > Bc, 
the x-component of the wavefunction of an electron, having 
an energy Ef in the contact, at a position x along the the 
channel is given by [8] 
 
 
 
 
 
Fig. 2: Energy band diagram across the ferromagnetic 
contact/semiconducting channel. ∆ is the exchange splitting 
energy in the ferromagnetic contact and ∆Ec is the energy 
difference between the band bottoms in the semiconductor and 
ferromagnetic contact. Also shown are the energy dispersion 
relationships on both sides of the Fm/Sm interface for B < Bc 
(top figure) and > Bc (bottom figure).  
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where kx,1  and kx,2 are the wavevectors in the lower and upper 
subbands where the Fermi level Ef intersects the E-k 
dispersion relationships shown in Fig. 2; T1 and T2  are the 
corresponding transmission amplitudes into these states and 
the spinors  [C1(kx,1), C1’ (kx,1)]T , [C2(kx,2), C2’ (kx,2)]T (where 
T stands for transpose) are the eigenspinors for these states. 
Expressions for these quantities can be found in ref. [8]. Note 
that kx,2 becomes imaginary when Ef < E3 since the upper band 
becomes evanescent. 
When B < Bc, the above equation is valid as long as 
Ef > E2.  For Ef < E2, the above equation should be replaced 
with 
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where kx,1  and kx,2 are the magnitudes of the wavevectors in 
the lower subband where Ef  intersects the E-k curve shown in 
Fig. 2, and TI , TII are the transmission amplitudes into these 
two states. The selection of the minus sign in front of kx,2  in 
the second part of the wavefunction given above is required to 
ensure positive group velocity of the second propagating spin 
subband in the energy range [E1, E2]. 
In the ferromagnet, for an incident +x-polarized 
electron, the x-component of the wavefunction is given by 
 
ϕ+x(x)   = 
2
1
  ⎢⎣
⎡
1
1
⎥⎦
⎤
eikx,u x +
2
1R ⎢⎣
⎡
1
1
⎥⎦
⎤
  e-ikx,u x 
+ 
2
2R   ⎢⎣
⎡
1
1
− ⎥⎦
⎤
e-ikx,d x
 
where R1 is the reflection amplitude into the +x-polarized 
band and R2 is the reflection amplitude in the -x-polarized 
band. 
For the incident -x-polarized electron, the 
wavefunction in the ferromagnet is given by 
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where R’1 is the reflection amplitude into the +x-polarized 
band and R’2 is the reflection amplitude in the -x-polarized 
band. 
The wavevectors 
k
x,u = fEm02
1
h ;        
k
x,d = )(2
1
0 ∆−fEmh  
are the x components of the wavevectors in the +x (majority 
spin) and -x-polarized (minority spin) energy bands in the 
ferromagnet, respectively. 
The sets of four unknowns (reflection and 
transmission amplitudes) are found by enforcing continuity of 
the wavefunction and the current density across the Fe/Sm 
interface which results in a system of 4 x 4 system of coupled 
equations [8]. 
At T = 0 K, the (linear response) interface 
conductance for electrons incident from either the +x-
polarized band or the -x-polarized band is found from the 
Landauer formula. For each band, the transmission coefficient 
is the ratio of the current amplitude in the semiconducting 
channel divided by the current amplitude of the incident beam 
in the ferromagnetic contact. The current expression 
calculated in the semiconductor is quite complicated [11] 
since the two current-carrying channels in the semiconductor 
are not orthogonal to each other. However, the two current 
carrying modes (majority and minority spin bands) in the 
ferromagnet are orthogonal. Therefore, it is easier to calculate 
the conductance across the interface, for majority and 
minority incident spins, as follows: 
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The spin filtering efficiency η is defined as 
η = (G+x  - G-x)/ (G+x  - G-x) 
In order to calculate η, we use parameters relevant 
to an interface between an Fe contact and an InAs quantum 
wire as shown in Table 1. Sources for the various values are 
cited in the bibliography. With these values, the spin 
polarization in the ferromagnet is 86%. We also include the 
effect of an interface potential barrier, as was done in ref. 
[8,12], by modeling it as a delta-function potential VI(x) = 
V0δ(x). This barrier has a major effect on η. Following usual 
practice, we parameterize this barrier with a dimensionless 
quantity Z defined as Z= 2mf*V0/ħ2 where mf* is the effective 
mass of electrons in the ferromagnet. Typical values of Z 
range from 0 to 2 [12].  
 
TABLE 1 
 
PARAMETERS FOR FE/INAS INTERFACE 
 
Fermi energy Ef  (eV) 4.2 
Exchange splitting ∆ (eV) 3.46 
Rashba energy δR (eV) 0.2 
Landé g-factor 15 
Effective mass in Fe (m0) 1.0 
Effective mass in InAs (m0)  0.024 
Subband separation ħω (meV) 10.0 
 
With the parameters in Table 1, we calculate η as a 
function of ∆Ec and the results are shown in Fig. 3.  
Varying ∆Ec results in sweeping the Fermi level 
through the energy dispersion relations shown in Fig. 2.  
We repeat the calculation for two different values of the 
magnetic field, above and below the critical field. For 
simplicity, we assume that the Rashba energy δR is 
independent of the gate potential. This is a realistic 
assumption since the Rashba interaction typically has a very 
weak dependence on gate potential [13]. In principle, the 
interface barrier V0 (hence the parameter Z) can also have a 
weak dependence on gate potential, but we neglect that here.  
For the parameters in Table 1, the critical magnetic field Bc = 
0.92 Tesla. 
When B < Bc, η reaches 100%, independent of the 
interface potential barrier (or Z), at values of  ∆Ec 
corresponding to the situations when the Fermi level Ef 
coincides with either E1 or E3. Moreover, η falls to a 
minimum when Ef is aligned with E2.  For B > Bc, η reaches a 
maximum when Ef coincides with E3  We also observe that the 
spin injection efficiency is larger for larger value of Z, i.e, the 
presence of a tunneling barrier at the interface helps increase 
the injection efficiency, as first pointed out by Rashba [14].  
 
 
 
 
 
 
Fig. 3: Spin filtering efficiency η as a function of ∆Ec and 
normalized interface potential barrier Z: (top) for a magnetic 
field B = 0.5 Tesla which is below the critical  Bc, and 
(bottom) for a magnetic field B = 2 Tesla which is above the 
critical value Bc. The calculations are for absolute zero 
temperature. From bottom to top, Z = 0.0, 0.25, 0.5, 1.0, and 
2.0, respectively. 
 
The reason for the 100% maximum efficiency is 
that, for electrons incident with either energy E2 or E3 
(Zeeman energies), the spinor [C1(kx,1), C1’ (kx,1)]T  reduces to 
(1/√2)[1,-1]T (see Equation (8) in ref. 8]. On the other hand, 
[C2(kx,2), C2’ (kx,2)]T is not equal to (1/√2)[1,-1]T  for Ef = E2 
or E3. Hence, the continuity of the wavefunction at x = 0 for 
an electron incident in the minority spin-band (-x-polarized) 
requires that not only TII must be zero, but TI must also be 
zero otherwise the wavefunction describing the electron in the 
semiconducting quantum wire cannot be normalized. As a 
result, G-x must be identically zero for Ef = E2 or E3. Hence, η 
is equal to 100% at those energies. 
 
III. CONCLUSION 
 
 In conclusion, we have shown that it is possible to 
achieve ~100% spin filtering efficiency at low temperatures 
with a non-ideal ferromagnet at certain critical injection 
energies. The injection energy can be tuned with a back-gate 
potential. To our knowledge, no spin injection experiment has 
employed this technique to optimize spin filtering. This 
surprising and unexpected result assumes practical importance 
in view of the fact that ideal half-metallic ferromagnets with 
100% spin polarization are rare and difficult to integrate with 
semiconductors. Therefore, if non-ideal ferromagnets with 
much less than 100% spin polarization can result in nearly 
100% spin filtering, then that is a major technological feat. 
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